Channel estimation techniques using pilot tones in OFDM systems are investigated. Two time-domain channel estimation methods are proposed. Based on theoretical analysis and computer simulation, for a channel with multipath distortion and AWGN, the proposed time-domain channel estimation schemes perform better than the conventional frequency domain channel estimation techniques.
I. Introduction
Since terrestrial broadcast channels are often affected by multipath distortion, in a single carrier modulation system, an adaptive equalizer is usually employed to combat channel variations. However, in the Orthogonal Frequency Division Multiplexing (OFDM) modulation system, the channel estimation is accomplished using pilot tones inserted in OFDM symbols. In an OFDM system, the incoming signal is transmitted using N equally spaced carriers with a carrier spacing of l/(NT) Hz, where T is the input data bit period.
Multipath causes the channel transfer function to have variation in both spectral magnitude and spectral phase linearity. The number of carriers is chosen such that a typical channel transfer function i s essentially constant over the bandwidth of each individual carrier. The effect of multipath distortion is then reduced to amplitude attenuation and phase rotation of data in each carrier, and the channel equalization is reduced to a complex multiplication bank i n l'ront of the decision circuit at the receiver [ 1-21. An OFDM system can eliminate Intersymbol Interference (ISI) between OFDM symbols by inserting a cyclically extended guard interval, where each OFDM symbol is preceded by a periodic extension of data signal itself [3, IO] .
The total symbol duration becomes T,,rrll = Tq +?, , where T', is the guard interval and T , is the useful symbol duration.
When the guard interval T,, is longer than the channel impulse response h [ n ] , or the multipath delay spread, tlie IS1 between OFDM symbols can be entirely eliminated. The ratio of the guard interval to useful symbol duration is dependent on application. A longer guard interval will reduce tlie system data throughput, and a commonly adopted compromise length is 1 T.,. 5 --T A cyclic prcl'ix in the gii~ird intcrval can be used to maintain the receiver carricr synchronization during a long silence. In addition, cyclic convolution can be used to model the transmission system. However, the in-band fading will still exist. Therefofe, let H , = AkeiHL be the response within the bandwidth of the k"' carrier. Equalization 01' the channel in the receiver requires that the FFT output of' the k"' carrier be iiiultiplied by a complex coefficient (,i =L. This operation will scale both signal and noise/inlerl'erence. In ~h c OFDM system, the estimation of the channel response uses in-band pilot tones inserted into each symbol with a pilot ratio PR =I/R. In this scheme, the channel response can he estimated rapidly and the tuner phase noise can be significantly reduced [IO- I I ] . The optimum choice for the numbers of pilots (=N/R) for the AWGN channel is described in 141. This scheme is rzferred to as scheme A, as depicted i n Fig. la . In the AWCN channel every optimally spacecl set of' pilots can provide good channel estimation, so a fixed set of' optimally spaced pilot tones is used i n scheme A. An alternative is to insert pilot tones into all of' the carriers in an OFDM symbol with a pel-iod of R, as dcpicted i n Fig. I b. The channel rcsponsc is then estimated using the pilot symbol, and the estimated i.esponse is tised for subsequent OFDM symbols until the next pilot symbol i s received. The cliannel response can also be estimated by averaging some consecutive pilot symbols. This scheme is relerred t o as scheme B. As will be shown, it is not suitable for fading channels.
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Proposed Channel Estimation Techniques
A typical OFDM system is depicted in Fig. 2 Fig. 3a .
In the other technique a PN sequence is periodically inserted into the OFDM symbol i n the time domain, and the channel response can be obtained via correlation in the time domain. This technique is referred to as the Time Pilot Time Correlation (TPTC) technique, as depicted in Thus the channel response can be estimated using
Pilot to Noise (P/N) Ratio
This section is an analysis of the pilot to noise ratio for both time domain channel estimation and frequency domain channel estimation. Referencing to Fig 2 anti 
Where N is the IFFT transformation length
The multipath channel impulse response h[n] is:
Where M is the total number of echoes Assuming the time domain channel noise n[n] is wide sense stationary AWGN with zero mean and variance: (7) Where nln] represents the time domain white noise at the ill'' sample, E( n[n]) represents the expcctcd value oi'n[n]. From the previous mathematical deductions, in the radio channel of frequency domain, the noise variance is being enhanced N times while the noise amplitude is amplified f i times.
In the FPTA, pilot ratio PR. = I/R and the pilot signal P[k] is shown as :
(1 1) The interference of training sequence coming from data is referenced to as "data ghosts". A specific comparison of channel estimation will be given in the next section.
IV. Performance Comparisons and Discussions
The performance comparison of previously mentioned estimation techniques is made on several channel models recommended by the Advanced Television Technology Center (ATTC) in the U. S. A. and by the Digital Audio Broadcasting (DAB) project in Europe [6-71. During simulations, assume that both transmitter and receiver are perfectly synchronized and the guard interval is long enough so that IS1 between OFDM symbols can be ignored. The channel is assumed to be the additive white Gaussian noise (AWGN) channel.
Static Channel
Two channel models: the multipath Ensembles A and E of the ATTC, as recommended by the US ATTC and the Grand Alliance DTV laboratory [6] The OFDM system parameters used in simulations are summarized in Table. I . All data carriers in the OFDM are 64-QAM modulated signals (signal -constellation (x,y) with x, y E { k l,f3,fS,f7}, and the average power of a data symbol is PA= 42 [9] ). The pilot signals with amplitude f 7 are used.
The error performance is displayed in Figs 4 and 5 for various estimation techniques on the channel model I with pilot ratio 1/8 and 1/32 respectively. A similar result was found on the other two channel models and is not shown here. The results demonstrate that the proposed estimation techniques (i.e., FPTA and TPTC) outperform the conventional estimation techniques (i.e., FPFA and FPFI). A SNR improvement gain of 2-3 dB can be achieved using the time-domain estimation technique. This is becausc a higher P/N ratio can be obtained in the time domain. For pilot ratio PR = 1/32 on the television broadcasting channels (channel models I and 2 ) , the CI-ror tloor occurs using FPFI technique, as shown in Fig. S . This is due to the aliasing effect introduced by the frequcncy interpolation. However, no error tloor was found on the audio broadcasting channel (channel model 3). Since this channel has a shorter delay spread and the aliasing effect is not severe.
Extensive simulations using FPFI technique were conducted using different pilot ratios (i.e., 1/4, 1/8, 1/16, and 1/32, respectively). It was found that with pilot ratios PR = 114 andl/8, no error tloor occurs for all the three channel models. However with pilot ratio PR = 1/16, the error tloor occurs at 
Channel Estimation Accuracy
In addition to symbol error rate performance, the mean square error between estimated response and real channel response was also compared to demonstrate the superiority of the time-domain estimation techniques. The system parameters used for comparison are displayed in Table 2 and the results are illustrated in Fig. 6 . As shown, a smaller mean square error was found in the time-domain channel estimation techniques. The FPFA technique demonstrates a larger estimation error than the FPFI technique since in the FPFA the estimation error extends over several OFDM symbols, while in the FPFI the estimation error impacts only adjacent carriers within one OFDM symbol. The estimation error in the FPTA is larger than that in the TPTC because the FPTA is affected by the components of "data ghosts" which are non-zero, even after averaging several OFDM symbols. According to equation ( 15), the FPTA method outperforms FPFI method with a P/N gain about 30 dB . 
Slow Fading Channel
The error performance of the estimation techniques is also compared on a mobile time-varying channel using the autogressive (AR) model given as
Where a and w [ k ] represent slow time variations and the noise vector sequence of the AWGN, respectively. It is assumed that the channel fading is slow enough so that the channel impulse response doesn't change within the duration of one OFDM symbol [4] .
During simulations, parameters of the AR model are
assumed as LL = 0.99n and w [ k ] = 0.000In , where n is thc unit matrix. The OFDM parameters displayed in Table 1 and the three channel models previously mentioned are used. The error rate is shown in Fig. 7 with pilot ratio PR =1/8. The results also reveal that both FPTA and TPTC provide better performance than those estimated in the I'requency domain (FPFI and FPFA). Although both FPFA and FPFI techniques achieve almost the saiiic crroi-pcrl'ormance i n static channels, the performancc 01' tlic FPFA is slightly worse than that of the FPFI. This is because in thc FPFA the channel response is estimated by averaging R pilot symbols ( i n this case, 8 pilot symbols were averaged), which cannot accurately estimate the response of each OFDM symbol. The effect of' the pilot ratio on the error performance is also simulatcd, and the result with pilot ratio PR =1/32 is demonstrated in Fig. 8 lor channel 2. Again the error tloor was l'ound for the FPFI due to ihe aliasing effect. The error floor was also found in the FPFA, in which the channel was estimated by averaging 32 OFDM symbols. The error floor occurs when the accumulated estimation eri-or due to chonnel variations beconies not negligible as compared to the estimation crror cnuscd by channel noise. .
V. Summary
In this paper the channel estimation techniques (FPTA and TPTC) in the time domain using pilot tones I'or the OFDM system are presented. It is shown that a higher P/N ratio can be obtained in the time doinain ;ind that the proposed estiniation techniques outperform the conventional estimation techniques (FPFI and FPFA) in which the channel response is estiniated in the li-equency domain. In addition, both FPFI and FPFA suffer from the al i as i n g e f 'l'ec t and ch an ne I in i s -es t i 111 at i o 11 I-es u 1 ti ii g in error floors, especially for low pilot ratios. The proposed FPTA and TPTC techniques have advantages of low computational complexity and high P/N ratio. FPTA is suitable for fading channels with shorter transmission range, i.e., Local Multipoint Distribution Systems (LMDS), which has shorter channel response. FPFI and FPFA can be used to reduce overhead for systems with lower piloi ratios (i.e., 1/32, 1/64), However, in the FPTA the pilot signal consuines more RF power and interfires with data signal when the pilot ratio is high. The TPTC does not have this disadvantage.
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